Desert annual Suaeda acuminata produces two morphologically distinct types of seeds on the same plant. The main aims of our study were to compare germination characteristics of the dimorphic seeds, ascertain their dormancy types and give the hormonal explanation. The two seed types of S. acuminata absorbed water at different rates with brown seeds imbibing water faster. Germination percentages of brown seeds were significantly higher than those of black seeds in all temperature and light regimes tested. Eight weeks of cold stratification did not break dormancy of black seeds, whereas exogenous GA 3 promoted germination. Excised embryos of untreated black seeds produced normal seedlings. Contents of ZR, GA 3 and ABA of brown seeds were significantly higher than that of black seeds; while contents of IAA of black seeds were significantly higher than that of brown seeds. Brown seeds of S. acuminata are non-dormant, whereas black seeds have intermediate physiological dormancy (PD). Interaction among ZR, ABA and GA 3 may play an important role in dormancy status of both seed types. This is the first report of nondormancy and intermediate PD in a heteromorphic species.
Introduction
Generally speaking, each plant species produces only one morphological/physiological type of seed. However, some plants produce two or more distinct types of seeds on a single individual (Harper, 1977; Venable, 1985) . This phenomenon is called seed heteromorphism. Most heteromorphic species are annuals, often in the Asteraceae or Chenopodiaceae that grow in extreme environments such as arid, semiarid and deserts (Mandák, 1997; Imbert, 2002) . Heteromorphic seeds are found in more than 200 species, and they usually differ in color, size and shape, as well as in dispersal capacity and germination requirements (Sorensen, 1978; Khan and Ungar, 1984; Cheplick, 1994; Baskin and Baskin, 1998; Imbert, 2002; Lu et al., 2010) .
Desert plants may develop various germination strategies that are adaptations to extreme environments (Gutterman, 1993) . Heteromorphic seeds from a single plant growing in desert climate may represent a combination of divergent germination strategies (opportunistic vs cautious strategies) (Venable, 1985; Gutterman, 2002) . Previous studies have shown that heteromorphic seeds usually have different germination characteristics (Baskin and Baskin, 1976; Venable and Levin, 1985; Brändel, 2007) . For example, Mandák and Pyšek (2001a) compared germination of different fruit types of the heterocarpous Atriplex sagittata in different light and nitrogen supply conditions in the laboratory. They showed that heteromorphic seeds, produced by different types of fruits, have different germination percentages that are affected by light quality, nitrate concentration and cold stratification. A field study on germination of dimorphic seeds of A. prostrata and Salicornia europaea across zonal communities found that germination was N 90% for large seeds of both species placed on the soil surface and that germination of small seeds was N50% and N75%, respectively (Carter and Ungar, 2003) .
Many papers reported differential germination of heteromorphic seeds, but few studies defined the dormancy class, level and type in the seeds (Philipupillai and Ungar, 1984; Baskin and Baskin, 1998; Carter and Ungar, 2003; Brändel, 2007) . Dormancy characteristics of seeds of heteromorphic species can be sorted into two categories. Partial types are nondormant and the others are dormant; all types of seeds are dormant. Large brown seeds of A. sagittata are non-dormant, medium black seeds are dormant and small black seeds are deeply dormant (Mandák and Pyšek, 2001a) . All three types of achenes of the annual ephemeral species Garhadiolus papposus are dormant (Sun et al., 2009) . Wang et al. (2008) reported that freshly-matured brown seeds of Suaeda aralocaspica are nondormant and black seeds have non-deep type 2 physiological dormancy (PD). This was the first report of the combination of non-dormant and non-deep type 2 PD for heteromorphic seeds. We surmised that there are other combinations of dormancy types for heteromorphic species.
Former studies have attempted to correlate dormancy levels with interactions of hormones (Kucera et al., 2005) . Changes in the contents of ABA, GA and cytokinins have been examined in many seeds and no consistent correlation between dormancy levels and hormone contents have been established (Khan and Samimy, 1982) . In most studies, ABA is a positive regulator of dormancy induction and maintenance, while GA releases dormancy and counteracts ABA effects (Kucera et al., 2005) . Heteromorphic seeds are unique biological models to test hormone regulation hypothesis because different seed types in the same plant have differential dormancy levels and germination characters.
We recently discovered that the desert annual halophyte Suaeda acuminata (Chenopodiaceae) produces dimorphic seeds (Ding et al., 2010) . This species, native to central Asia, was reported to produce small black seeds (Delectis Florae Reipublicae Popularis Sinicae Agendae Academiae Sinicae Edita, 1979; Commissione Redactorum Florae Xinjiangensis, 1994) . However, in addition to small black seeds, we observed large brown seeds on a single plant of S. acuminata in northern Xinjiang, China. Seed heteromorphism provides us with an optimal opportunity to study different dormancy types and dormancy-breaking mechanisms of the same plant species.
The goals of this study are to determine whether there is difference in germination of dimorphic seeds, and to ascertain the dormancy type (if any) of these seeds. Meanwhile, we use both seed types to test the theoretical prediction that hormone regulate seed dormancy. Specifically, we addressed three questions. (1) Edita, 1979) . In China, S. acuminata is found only in the inland saline-alkaline deserts in Xinjiang province (Commissione Redactorum Florae Xinjiangensis, 1994) . Field observations have shown that S. acuminata behaves as a summer annual in northern Xinjiang province, China. Germination occurs only in spring. Newlygerminated seedlings have been seen in late March, but most of the germination occurs in April. By late April, thousands of seedlings with only cotyledons are present. Plants begin to flower in mid-June, but the peak of flowering is from late June to mid-July. Seed dispersal begins in mid-July. In Flora of China and Flora Xinjiangensis, only one type of seed (redbrown to black, 0.8-1 mm and smooth) was described. However, we found two types of seeds on each plant of S. acuminata: brown with soft coarse seed coat and black with rigid smooth seed coat.
The research area is an inland cold desert (87°46′ 10″ E; 44°0 7′ 55″ N; 500 m a.s.l) with typical temperate desert climate. Associates of S. acuminata include Kalidium caspicum, S. microphylla, S. physophora, Petrosimonia sibirica (Chenopodiaceae) and Peganum harmala (Zygophyllaceae). Mean annual temperature is 6.8°C, mean temperature of warmest month (July) is 25.6°C, and mean temperature of coldest month (January) is − 16.9°C. Annual precipitation (rain and snow) is about 200 mm.
Seeds
Plants of S. acuminata grew under a low competitive environment in a salt desert near the Fukang Desert Ecological Station of the Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences. Mature fruits were collected from ca. 200 plants that were not shaded on 10 October 2009. Fruits were collected randomly from the entire plant in a population. The fruits were allowed to dry for 10 days, and then the seeds were cleaned and separated by their colour. Germination experiments and cold stratification treatment were started on 28 October 2009. Other seeds were stored dry (relative humidity: 25-28%) at 4°C until used in experiments.
Diameter and thickness of 20 seeds of each of the two seed types were measured, and four groups of 100 seeds of each type were weighed to determine seed mass.
Imbibition tests
Imbibition tests were conducted at room temperature (19-23°C, 30% relative humidity) using four replicates of 25 dry seeds of each morph. Seeds were placed in 90-mm-diameter Petri dishes with distilled water-moistened filter paper. Then, seed mass was measured at time 0 and after 1, 3, 6, 9, 12, 22 h. The imbibition test of brown seeds was terminated after 6 h because the seeds had begun to germinate. The relative increase in fresh weight (W r ) of seeds was calculated as W r =[(W f − W i )/W i ] × 100, where W i is the initial seed weight and W f the weight after a certain time .
Effect of light and temperature on germination of dimorphic seeds
Three replicates of 50 freshly-matured seeds of each morph were incubated on two layers of Whatman No.1 filter paper moistened with 2.5 mL of distilled water in 5-cm-diameter Petri dishes. Petri dishes were sealed with parafilm and incubated at daily (12/12-h) Washed quartz sand moistened with distilled water (sand moisture content 9-12%) was placed beneath two layers of filter paper in 15-cm-deep × 20-cm-diameter metal boxes. Freshly-matured black seeds were placed on the filter paper, and the metal boxes were closed and placed in a refrigerator in darkness for 2, 4 or 8 weeks at constant 5°C. After treatments, black seeds were transferred to Petri dishes under green light (the safe light for checking status of dark-incubated seeds). Petri dishes were incubated at 10:25°C in light. Black seeds collected at the same time were stored at 4°C dry and used as control. Germination was checked as described above.
GA 3 treatments
Black seeds were incubated in 0 (distilled water control), 1 and 10 mmol L − 1 GA 3 solutions at 10:25°C in light or darkness for 20 d. Germination was checked as described above.
Incubation of embryos isolated from black seeds
Seed coats of 100 black seeds were carefully removed and embryos were incubated at daily (12:12 h) temperature regime of 15:30°C.
Analyses of hormone contents
The endogenous contents of free zeatin riboside (ZR), abscisic acid (ABA), gibberellic acid (GA 3 ) and indole-3-acetic acid (IAA) in mature seeds were analyzed with an enzyme linked immunosorbent assay (ELISA) technique. The hormone ELISA kits were developed at the College of Crop Sciences, China Agricultural University. These ELISA kits have been widely available commercially. Extraction, purification and determination of endogenous hormones were performed as described by Li and Zhou (1996) . Each seed types have three independent samples.
Data analysis
All data were expressed as mean ± s.e. Germination data were transformed (arcsine) before statistical analysis to ensure homogeneity of variance (non-transformed data appear in all figures). One-or two-way ANOVA was used to compare treatment effects. Tukey's test was used to test for differences among treatments when ANOVA showed significant effects (P b 0.05). When data were not normally distributed and heterogeneity was observed after transformation, nonparametric tests were used.
Results

Seeds
Suaeda acuminata produces two types of seeds on a single plant. Brown seeds have soft seed coats and black seeds have rigid seed coats. The brown and black seeds also differ in diameter, thickness and weight. Brown seeds have a mean diameter of 1.91 ± 0.04 mm, mean thickness of 0.55 ± 0.03 mm and a mean dry mass of 1.28 ± 0.07 mg. Black seeds have a mean diameter of 0.96 ± 0.02 mm, mean thickness of 0.62 ± 0.04 mm and a mean dry mass of 0.22 ± 0.01 mg. Embryos of dimorphic seeds are fully developed.
Imbibition tests
The dimorphic seeds have different water uptake characteristics. Brown seeds imbibed water readily and followed a typical pattern of rapid initial water uptake with seed mass increasing by 79.6 ± 6.1% after 1 h, 131.2 ± 2.4% after 3 h and 139.0 ± 2.6% after 6 h (Fig. 1) . On the other hand, black seeds imbibed water slowly, with seed mass increasing by 2.9 ± 0.5% after 1 h, 8.1 ± 1.2% after 6 h and only 14 ± 1.4% after 22 h (Fig. 1) . 
Effect of light and temperature on germination of dimorphic seeds
Germination was significantly affected by temperature. Both seed types reached highest germination percentages at 15:30°C except black seeds in light (Table 1) . Brown seeds germinated to high percentages in both light and darkness over a wide range of temperatures. In light, brown seeds germinated to ≥ 66.7% at all temperatures, and in darkness they germinated to ≥50.0% at all temperatures. In light, 6.7% was the highest germination percentage obtained by black seeds, and in darkness 2.7% was the highest (Table 1) .
Breaking dormancy of black seeds 3.4.1. Cold stratification
Germination of black seeds was not affected by length of cold stratification period in our experiment (P = 0.287). The highest germination percentage was 0.7% for control, and 4% after 8 weeks cold stratification.
GA 3 treatments
Germination percentages of black seeds were significantly affected by GA 3 (P = 0.002). No significant difference (P =0.395) was observed in germination percentage between incubation in light and incubation in darkness (Fig. 2) . Germination percentage was the highest at 1 mmol L − 1 GA 3 in darkness and reached 16% (Fig. 2) .
Incubation of embryos isolated from black seeds
Isolated embryos produced normal seedlings. The resulting seedlings were the same as those from intact black seeds.
Analyses of hormone contents
ZR and ABA contents of brown seeds were significantly higher than that of black seeds (P b 0.001) (Fig. 3) . ZR in brown seeds was 1.5 times higher than that of black seeds (Fig. 3A) , while ABA in brown seeds was 7.4 times as high as that of black seeds (Fig. 3B) . GA 3 content of brown seeds was significantly higher than that of black seeds (P b 0.01). GA 3 in brown seeds was 3.9 times as high as that of black seeds (Fig. 3C) . IAA content of brown seeds was significantly lower than that of black seeds (P = 0.01). IAA in brown seeds was 87% as high as that of black seeds (Fig. 3D) .
Discussion
This study demonstrated that there are differences in seed morphology, dormancy, germination and hormonal contents of dimorphic seeds of inland desert annual halophyte S. acuminata. These differences represent the combination of different adaptive strategies in one plant and may have ecological significance for its successful survival in inland salt deserts.
Freshly-matured brown seeds of S. acuminata are highly permeable to water, have a fully developed embryo and germinate rapidly to high percentages in water over a wide range of alternating temperature regimes in light or in darkness. These results indicated that freshly-matured brown seeds of S. acuminata are non-dormant.
Though amount and rate of water absorption by freshlymatured black seeds of S. acuminata are lower than that of brown seeds, black seeds indeed are water-permeable. In the dormancy classification system of Baskin (1998, 2004) , seeds with PD, MD and MPD have a water-permeable seed coat. According to our observation, black seeds of S. acuminata have fully developed embryos. So we infer that black seeds have PD. PD is divided into three levels (non-deep, intermediate, deep) by Baskin (1998, 2004) . We found that 8 weeks of cold stratification did not break dormancy of black seeds of S. acuminata, GA 3 promoted germination in darkness and excised embryos produce normal seedlings. Based on these characteristics, we conclude that black seeds of S. acuminata have intermediate PD.
The evolution of different seed types in heteromorphic seeds, which may vary in their type of dormancy, can extend the Table 1 Germination percentages (mean ± s.e) of fresh dimorphic seeds of Suaeda acuminata at five thermoperiods in light and darkness after 20 days. germination period and also produce a persistent seed bank that provides for the long-term recruitment of seedlings (Mandák and Pyšek, 2001b; Imbert, 2002) . Freshly-matured brown seeds of S. acuminata are non-dormant and will germinate in light and darkness over a wide range of temperatures that simulate those in the habitat. Therefore, brown seeds are expected to have an opportunistic germination strategy (Gutterman, 1993 (Gutterman, , 2002 . Freshly-matured black seeds have intermediate PD and they need a very long period of time to break dormancy before they can germinate. Black seeds are expected to have a cautious germination strategy, in which not all of the seeds germinate in one season (Gutterman, 1993 (Gutterman, , 2002 . From the differential dormancy combination between S. aralocaspica and S. acuminata we can infer that diversity in dormancy combination of dormancy exist in heteromorphic seeds. Baskin (1998, 2004 ) developed a comprehensive classification system for seed dormancy by modifying the dormancy system of the Russian seed physiologist Marianna G. Nikolaeva. Theoretically, any combination of non-dormancy and/or dormancy classes (level or type) is possible. However, a few studies have demonstrably shown that heteromorphic seeds are non-dormant or have PD (Baskin and Baskin, 1976; Wang et al., 2008) . The inland salt desert annual Salsola affinis produces three types of seeds. Type A and B seeds are nondormant, whereas type C seeds need a 4-week cold stratification period to break non-deep PD (Wei et al., 2007) . In support of this, recent work (L Wang and CY Tian, EGI, CAS, Urumchi, China, unpubl. res.) has shown that heteromorphic seeds of 10 species in China are non-dormant or have PD and new combinations of dormancy types are recognized. More research is clearly needed to fully understand the ecological function of various combinations of different dormancy types in a single plant.
A model was proposed to explain the interactions of different hormones in the control of seed dormancy (Khan and Samimy, 1982) . According to this model, GA is the original stimulus for germination, and germination may occur even when the content of an inhibitor is relatively high. Our results indicated that high level of ABA does not inhibit germination in brown seeds. Because the role of cytokinins and inhibitors is secondary, maybe the negative effect of ABA is counteracted by high concentration of ZR. Brown seeds are non-dormant, though IAA (the growth promoter) of brown seeds is lower than that of black seeds. We may infer that IAA does not affect seed dormancy and germination. GA breaks dormancy, accelerates germination and counteracts inhibitory effects of ABA in direct or indirect way (Kucera et al., 2005) . GA in dimorphic seeds of S. acuminata also plays the same role.
In conclusion, dormancy and germination characteristics between brown and black seeds of S. acuminata differed. Brown seeds are non-dormant and can reach high germination percentages across a wide range of temperatures in light and in darkness. In contrast, black seeds have intermediate PD and reached low germination percentages under all germination test conditions. Our study on a desert annual provides evidence in support of the hypothesis that dormancy combination of heteromorphic seeds is diverse and new combination type exists. Meanwhile, our results support theoretical model that dormancy regulation through interaction of cytokinin, ABA and GA. As far as is known, ours is the first report of combination of non-dormant and intermediate PD for heteromorphic seeds. 
